Purpose: To develop a whole-body MRI technique at 3T with improved lesion conspicuity for metastatic cancer detection using fast, high-resolution and high SNR T 2 -weighted (T 2 W) imaging with simultaneous fat and fluid suppression.
conventional radiotracers resulting in very low sensitivities reported for a variety of tumors, particularly when lesions are of smaller size (<1 cm). 5, 6 Moreover, although these limitations may be partially compensated with contrast-enhanced CT examinations, this leads to additional radiation exposure. Furthermore, repeated administrations of nephrotoxic iodinated contrast agents with CT is undesirable in patients with impaired renal function, 7 a common occurrence in patients with metastatic disease. In the past decade, whole-body magnetic resonance imaging (WB-MRI) has become a valuable alternative technique because of its excellent soft tissue contrast combined with high spatial resolution and the lack of ionizing radiation. 8 WB-MRI, particularly using echo-planar based diffusion-weighted imaging (DW-EPI), and diffusion weighted imaging with background suppression (DWIBS) have shown improved sensitivity and specificity for metastatic cancer detection at 1.5T. 9 DWI offers increased conspicuity for lesions with restricted diffusion (e.g., high cellularity) by suppressing the confounding tissue signals such as fat and fluid. 10, 11 However, DWI techniques that rely on EPI sequences suffer from geometric distortions because of large B 0 inhomogeneities, particularly using large FOV. Moreover, DWI is inherently SNR-limited. Consequently, DWI acquisitions require reduced spatial resolution, multiple signal averages, or both, which results in an increase of the total scan time. 10 Although the inherent low SNR can be partly mitigated by performing WB-MRI at 3T, larger B 0 inhomogeneities at 3T compared to 1.5T lead to worse geometric distortions. 12 Alternatively, WB-MRI using short tau inversion recovery (STIR) has been shown to provide increased tumor conspicuity with limited image distortion. 13, 14 However, STIR also suffers from reduced SNR because of nonselective inversion and requires multiple signal averages resulting in increased total scan times. 15 Most metastatic lesions tend to have longer T 2 relaxivity compared to their surrounding non-neoplastic tissues and therefore appear brighter on T 2 -weighted (T 2 W) images. However, fat has relatively long T 2 relaxivity and fluid has very long T 2 relaxivity and therefore, both also appear bright on most clinical T 2 W images and need to be suppressed to improve lesion conspicuity. 16, 17 T 2 W images with fat suppression, either using STIR or chemically selective suppression such as spectral pre-saturation using (adiabatic) inversion recovery (SPIR/SPAIR), 18 can generate fat-suppressed T 2 W images, but still carry fluid signal such as in cysts that often mimic lesions. Furthermore, STIR suffers from poor SNR, whereas SPIR/SPAIR suffers from inhomogeneous fat suppression particularly at 3T because of increased B 0 inhomogeneities. 12, 15 Therefore, the purpose of this work was to develop a whole-body MRI technique at 3T with improved lesion conspicuity for metastatic cancer detection using fast, highresolution and high SNR T 2 W imaging with simultaneous fat and fluid suppression.
| THE ORY

| Imaging sequence
The proposed imaging strategy is based on a single shot turbo spin echo (SShTSE), which is a routinely used T 2 W imaging sequence in the body because of its robustness, favorable SNR, and minimal image distortion. SShTSE is often performed with fat suppression for improved lesion conspicuity, commonly using SPIR/SPAIR, because of its increased SNR compared to STIR. However, SPIR/SPAIR suffers from fat-suppression failures in areas with increased B 0 inhomogeneities, particularly relevant at 3T. Moreover, when applied for whole-body imaging, the thoracic region is prone to fat-suppression failure because of increased B 0 inhomogeneities. To overcome these challenges, we used a modified Dixon (mDixon) based SShTSE acquisition, which provided robust fat/water separation in the abdomen in a single acquisition. 19 We combined this SShTSE-mDixon with a dual-echo acquisition to achieve fluid suppression. This sequence acquires 2 sets of images-one at a short TE and the other at a long TE, following the same excitation. The non-neoplastic tissues with short T 2 and the metastatic lesions with moderately prolonged T 2 preferentially appear on the short TE image, while the fluids with very long T 2 appear on both short and long TE images. Therefore, subtraction of the long TE from the short TE preferentially suppresses fluid signal 20 and improves tumor conspicuity. 21 We refer to this technique as, dual echo T 2 -weighted acquisition for enhanced conspicuity of tumors (DETECT). Figure 1 illustrates a schematic of the DETECT imaging sequence. Following a single 90 8 excitation pulse, short TE (TE 1 , 60-80 ms) images and long TE (TE 2 , 400 ms) images are acquired in the same repetition using variable refocusing flip angles 22 and partial phase-encoding acquisitions using a SShTSE. Between each pair of refocusing pulses, in-phase (IP) and out-of-phase (OP) echoes are acquired for both TEs, at all refocusing pulses, using a bipolar readout for mDixon reconstruction. Partial-echo readouts are implemented to balance the in-plane resolution and receiver bandwidth (RBW), while maintaining the optimal time interval (dt) of 1.1 ms at 3T between IP and OP echoes for robust fat-water separation. 19, 23 An echo train length (ETL) of 130 was used for both TEs, with 65 k-space lines for each TE. The RBW of the DETECT sequence was doubled to 870 Hz/pixel, compared to 440 Hz/pixel for the standard SShTSE. However, the reconstruction of wateronly images using signal averaging of both IP/OP echoes generated comparable images to the standard SShTSE. 19 Overall, 4 images are acquired with both partial phaseencoding and partial readout in a single repetition, including IP and OP images at both short and long TEs using DETECT.
| Image reconstruction
| Fat suppression
A phase-preserved homodyne reconstruction was used to reconstruct the IP and OP images at both TEs, with zerofilling along the frequency-encoding direction and homodyne filtering along the phase-encoding direction. 19, 23 This facilitated the reconstruction of complex IP and OP images, which allowed standard mDixon reconstruction for fat-water separation. 24 Although this approach provided robust fat-water separated images at short TE, the fat-water separation failed at long TE because of the reduced SNR. To overcome this problem, a shared-field-map mDixon reconstruction was used, in which the B 0 map estimated at the short TE was used for fat-water separation at the long TE. Considering that the B 0 map changes slowly and all images are acquired within the same repetition, this shared-field-map mDixon reconstruction generates robust fat-water separation at the long TE. 25 The standard mDixon reconstruction for the short TE images was performed on the scanner including the generation of the low-pass filtered B 0 map. The shared-fieldmap mDixon reconstruction using this low-pass filtered B 0 map for the long TE images was implemented in MATLAB (MathWorks, Natick, MA).
| Fluid attenuation
The water-only images reconstructed at the short TE (W TE1 ) and the long TE (W TE2 ) represent T 2 W and heavily T 2 W images, respectively, with uniform fat suppression. Given that the tissues with very long T 2 (e.g., CSF and gall bladder) appear hyperintense on both short and long TE images, a subtraction between these 2 images was performed to achieve fluid attenuation. Specifically, a complex subtraction, enabled by the phase-preserved homodyne reconstruction, including a scaling factor (f) was used to perform fluid attenuation (Eq. 1).
where w 1 is the phase of the W TE1 image and W sub is the final subtracted water-only image with fat and fluid suppression. The scaling factor, f, was calculated using the following steps: first, the pixels that had signal intensities >80% of the maximum signal intensity on the W TE2 image were selected. Next, the same pixels on the W TE1 image were identified. Finally, f was calculated as the mean value of the ratio of these pixels (i.e., f 5meanðI 1 =I 2 Þ, where I 1 and I 2 are the signal intensities of the reference pixels in W TE1 and W TE2 , respectively). This scaling factor compensated the T 2 decay of tissues with long T 2 , however, it overcompensated for tissues with very long T 2 (e.g., when abs(f 3 W TE2 ) > abs (W TE1 )). Therefore, the demodulation of the phase, w 1 , and the final real operation in Eq. (1) preserved the sign after the complex subtraction and rectified this overcompensation by resetting those pixel values to zero. The complex subtraction including the scaling factor calculation and phase demodulation was implemented in MATLAB. A flowchart showing the DETECT reconstruction including fat and fluid suppression is shown in Supporting Information Figure S1 .
| Simulations
The choice of the TEs determines the signal difference that can be achieved on the W sub image to enhance the conspicuity of the tumors, while simultaneously suppressing the fluids. Several factors of a SShTSE acquisition determine the TE, including view-ordering, echo spacing, FOV, partial phase-encoding factor, and refocusing flip angle scheme. In this study, we chose linear view-ordering and variable refocusing flip angle schemes 22 for both TEs, to match clinically used SShTSE acquisitions at short TE (i.e. TE 1 5 60-80 ms) for T 2 W imaging of the abdomen, while also reducing the total SAR. The variable refocusing flip angle scheme was defined by the minimum, and maximum refocusing flip angles (a min , a max ), used to sample the beginning and end of the echo train, respectively, along with the middle refocusing flip angle (a mid ) used to sample the center of the k-space for short TE. 26 The dt of 1.1 ms, combined with receiver bandwidth and in-plane resolution forced the minimum echo spacing to be 6.6 ms. Therefore, the effective echo time (TE eff ), defined as the TE when the center of k-space was sampled, and the equivalent echo time (TE equiv ), defined as the TE that generates similar contrast as standard T 2 W
F IGUR E 1 Schematic of the dual echo T 2 -weighted (T 2 W) acquisition for enhanced conspicuity of tumors (DETECT) using single-shot turbo spin echo. In each repetition, 4 images are acquired with variable refocusing flip angles, including out-of-phase (OP) and in-phase (IP) images at both short TE (TE 1 ) and long TE (TE 2 ). The IP and OP echoes are acquired using the bipolar readout gradients (Gx) with partial echo acquisitions between each pair of refocusing pulses and at all refocusing pulses. After the readout gradients, a rewinder gradient with large gradient strength is used to minimize the echo spacing. dt is the time difference between the OP and IP acquisitions (e.g., 1.1 ms at 3T). For both TEs, a linear viewordering with partial phase encoding is used to sample the k-space image, were determined by the variable refocusing flip angle scheme in combination with the partial phase-encoding factor. Bloch equation simulations were performed to investigate the influence of variable refocusing flip angle scheme and the partial phase-encoding factor on the signal difference to determine the optimal TEs. First, the partial phase-encoding factor was fixed at 0.6, similar to the standard clinical SShTSE acquisition, along with a min at 90 8 and a max at 1808, whereas the a mid was varied from 1008 to 1608 at 208 increments. This achieved the following TE values: TE 1 5 60 ms and TE 2 5 450 ms. Next, the partial phaseencoding factor was varied between 0.6 and 0.7 (that also varied the TE 1 and TE 2 times), with the a min , a mid , and a max fixed at 90 8, 100 8, and 120 8, respectively. These flip angles were chosen to achieve clinically equivalent TE, while reducing the total SAR 27 and sensitivity to motion. 23 The other simulations parameters were: FOV 5 520 mm (phase-encoding direction), voxel size 5 1. 
| M ETH ODS
| Imaging studies
All imaging was performed on a 3T MR scanner (Ingenia, Philips Healthcare, Best, the Netherlands). The DETECT was evaluated in 6 healthy volunteers, first in a dedicated abdominal imaging session of a healthy volunteer, followed by whole-body imaging protocol in 5 healthy volunteers. Subsequently, 5 patients with known metastatic renal cell carcinoma (mRCC) were enrolled for whole-body imaging evaluation of the DETECT sequence. The study protocol was approved by the institutional review board (IRB), Health Insurance Portability and Accountability Act (HIPAA)-compliant and all subjects provided written informed consent before their participation in the study.
| Abdominal imaging
To evaluate the shared-field-map mDixon reconstruction, one 40-year-old healthy female volunteer was enrolled for abdominal imaging. The acquisition parameters for the DETECT sequence were: coronal orientation; FOV 5 400 3 400 mm 2 ; slice thickness/slice gap 5 4 mm/0 mm; voxel size 5 
| Whole-body imaging of normal volunteers
Five healthy volunteers (3 females, 2 males, age range: 24-61 years), including 2 volunteers for optimization and 3 volunteers for evaluation of whole-body DETECT imaging were enrolled. The three healthy volunteers were scanned in 5 stations (head, thorax, abdomen, pelvis, and thighs) to cover the whole body from the head to the knees. All images were acquired in the coronal plane at an acquisition time of 1 min per station for 50 slices. The thoracic and abdominal regions were acquired in 4, 15-s breathheld acquisitions each, which increased the scan time to 2 min for each of these stations, including the breathhold instructions. A SENSE acceleration factor of 3, partial phase-encoding factor of 0.6, partial readout factor of 0.85, ETL of 130 for both TEs with 65 k-space lines for each TE, RBW of 870 Hz/ pixel, and dt of 1.1 ms were used. All images were acquired contiguous with no slice gap. The remaining acquisition parameters are listed in Table 1 . The total scan time of whole-body DETECT imaging was 7 min including the breathhold instructions.
For the most time-efficient imaging of larger FOV, coronal plane acquisitions are often preferred. However, DWIBS images are prone to increased image distortion because of gradient nonlinearities in the coronal plane compared to the axial plane. Hence, DWIBS images are commonly acquired in the axial plane to minimize image distortions, but at the expense of increased acquisition times. To evaluate the image quality and acquisition efficiency, 1 healthy volunteer was scanned with whole-body DWIBS in both axial and coronal planes, compared to whole-body DETECT in the coronal plane. The scan parameters are listed in Table 1 .
| Whole-body imaging of patients
Five patients (1 female, age: 58 years; and 4 males, age: 52-68 years) with known mRCC on prior clinical imaging, were scanned to evaluate the performance of DETECT for metastatic cancer detection. The whole-body MRI protocol included DETECT compared against DWIBS using 5 stations in the coronal plane. The acquisition parameters were similar to the above volunteer studies, except for the FOV along the anterior-posterior direction that varied among subjects between 300-400 mm for complete coverage of the body. To improve the visualization of the metastatic lesions and suppress the signals from complex fluids in the abdomen and bowel, an effective T 2 map was generated using the 2 TE images (Eq. 2), with a threshold of 300 ms. This map effectively suppressed the signals from the complex fluid with moderate T 2 values (300 ms), which were longer than that of the metastatic lesions (160 ms), but were not long enough to be visible on the long TE image (TE 2equiv 5 400 ms) and therefore, were not suppressed on the DETECT image. Subsequently, a T 2 map-weighted subtracted image (Eq. 3) was generated to improve the conspicuity and localization of the lesions.
where TE 1eff and TE 2eff are the effective TEs.
| Image evaluation
In all 8 whole-body subjects, including 3 healthy volunteers and 5 mRCC patients, the signal reduction of long T 2 tissues such as fluids on the DETECT sequence was measured compared to the short TE image, as described before. 21 Additionally, the number of lesions identified on the proposed DETECT sequence compared to DWIBS was assessed in consensus by 3 board-certified radiologists with different levels of expertise in body MRI (A.P, fellow; N.M.R, 25 years, and I.P, 16 years). Figure 2 shows the simulated signal differences between the two TEs of the DETECT with varying refocusing flip angles ( Figure 2A ) and partial phase-encoding factors ( Figure 2B ). The signal difference for tissues of interest with T 2 less than 160 ms increases with larger a mid (Figure 2A ) but at the expense of increased SAR. The increasing partial phaseencoding factor also increases the relative signal difference for tissues with longer T 2 (e.g., 200 ms vs. 150 ms) because it prolongs the TE eff for both TEs ( Figure 2B ) but at the expense of reduced SNR. The majority of the tissues in the body (except for fat and fluid) have T 2 <100 ms at 3T, 28 whereas the tumors tend to have moderately prolonged T 2 but still typically <200 ms. 32 Therefore, an a mid of 1008 and partial phase-encoding factor of 0.6 were chosen to retain the T 2 contrast of the normal tissues with T 2 <100 ms on the subtracted DETECT, while maximizing the signal difference for tissues with targeted T 2 values 150 ms ( Figure 2C ). This combination, along with a min of 90 8 and a max of 120 8, provided a TE eff of 70 ms for the first TE, matching the clinical whole-body T 2 W imaging protocol and a TE eff of 450 ms for the second TE, with low SAR (2.2 W/kg) and reduced sensitivity to motion. 22 The simulated signal evolutions of the interested tissues are shown in Figure 2D . As expected, the fat and fluid appear bright on T 2 W images and when suppressed using the DETECT, improve the visualization and conspicuity of the tumors. Figure 3 shows the improved fat-water separation in the abdominal images of a 47-year-old healthy female volunteer . The shared-field-map mDixon reconstruction (C and F) using the B 0 field map from TE 1 achieved successful fat-water separation at TE 2 , even with reduced SNR (blue arrows). Some residual FID artifacts were observed on the fat images because of stimulated echoes, which were subsequently minimized in the whole-body images using stronger crusher gradients using the shared-field-map mDixon reconstruction. At the short TE (TE 1 ), the standard mDixon reconstruction achieved robust fat-water separation throughout the imaging FOV, with minimum fat-water swaps at the edges of the large FOV (Figures 3A and 3D) . However, the fat-water separation failed significantly with the standard mDixon reconstruction at the long TE (TE 2 , Figures 3B and 3E ) because of the reduced SNR. The proposed shared-field-map mDixon reconstruction using the B 0 map from the short TE achieved robust fat-water separation in the long TE images ( Figures 3C and 3F ).
| R ES ULT S
| Simulations
| Shared field-map mDixon reconstruction
| Complex subtraction
The results of fluid attenuation, reconstructed with both the magnitude and complex subtraction are shown in Supporting Information Figure S2 . The "dark-rim" artifacts, that are often observed around the edges of the tissues with relatively long T 2 on magnitude subtraction, are the resultant of the modulation of the point spread function. Because the phase of the water signal is preserved with our phase-preserved homodyne and shared-field-map mDixon reconstruction, the complex subtraction eliminated these "dark-rim" artifacts and resulted in much smoother profiles.
| Whole-body imaging of normal volunteers
The shared-field-map mDixon reconstruction and the complex subtraction achieved uniform fat and fluid suppression throughout the body (Figure 4 ) and across all slices F IGUR E 4 Whole-body MR DETECT images of a 28-year-old healthy male volunteer acquired in 5 stations in 7 min. The standard mDixon reconstruction demonstrates robust fat-water separation across the entire volume at the short TE (A-C), whereas the shared-field map mDixon reconstruction achieved uniform fat-water separation at long TE (D-F). The subtracted image (G) shows uniform fat and fluid suppression over the entire imaging volume and across all slices (Supporting Information Video S1) (Supporting Video S1). The whole-body images, acquired with DWIBS in both coronal and axial orientations and with DETECT in coronal orientation are shown in Figure 5 . DWIBS images in the coronal orientation suffer from large geometric distortions ( Figure 5A ). Although the coronal DWIBS images reformatted from the axial acquisitions (Figure 5B ) also suffer from geometric distortions, the originally acquired axial images show less in-plane distortions (not shown). However, the scan times for axial DWIBS acquisitions are generally longer compared to the coronal acquisitions. In our example, the total scan time for the axial DWIBS acquisitions was 19 min compared to the 13 min for coronal DWIBS acquisitions for 4-station WBMRI. Alternatively, the images acquired using DETECT exhibited minimal geometric distortions ( Figure 5C ) in a 6:00 min coronal plane acquisition for 4-station WBMRI, including breathhold instructions. DETECT images showed better quality with uniform fat and fluid suppression compared to DWIBS without geometric distortions and artifacts in the coronal plane over the entire volume (Supporting Information Video S2).
| Whole-body imaging of patients
The total number of lesions identified, including lesions per station, on the WB-MRI with DETECT compared to WB-MRI with DWIBS is summarized in Table 2 . Overall, the DETECT identified all metastatic lesions known on prior clinical imaging and several additional new lesions, that were not identified on DWIBS because of artifacts associated with severe geometric distortions. For example, both DETECT and DWIBS showed clear delineation of a RCC metastatic lesion in the left iliac bone (Figure 6 ), for which the patient was receiving radiation treatment. However, the localization of the lesion with respect to the background anatomy was challenging on the DWIBS image because of the geometric distortions. The subtracted DETECT image, however, retained the lesion signal while suppressing the signals from fat and fluids with long T 2 ( Figure 6B ). The effective T 2 -map-weighted image, generated with T 2 values <300 ms, further increased the lesion conspicuity ( Figure  6C ). In another mRCC patient with multiple metastatic lesions and right femoral metal implant, DETECT showed improved visualization of the lesions, whereas the visualization was significantly compromised on the DWIBS images ( Figure 7 ). Large metastases in the left lung are seen on both DWIBS and DETECT images (Figure 7 , red, and green arrows), whereas DWIBS images suffer from geometric distortions and poor lesion localization. However, the metastatic lesion in the right femur is not visualized on the DWIBS image ( Figure 7A , yellow circle), whereas it is clearly identified on the DETECT images ( Figures 7B and 7C , yellow arrow). Similar behavior was observed throughout the entire volume in this patient (Supporting Information Video S3) as well as in other patients (Table 2) . Furthermore, the availability of other image contrasts including fat-only image and inphase image, all acquired in the same sequence and perfectly co-registered, improved the localization of the lesions on DETECT (Figure 8) . Additionally, across all 8 whole-body subjects, including 3 healthy volunteers and 5 mRCC patients, the signal of long T 2 tissues including CSF, bile, and urine were suppressed by 98 6 2%, 89 6 11%, and 86 6 21%, respectively.
| DI S CU S S IO N
Whole-body MRI has emerged as a promising clinical option for noninvasive detection of metastatic cancer. The major goals of WB-MRI for cancer detection include, fast imaging, high spatial resolution, and high SNR while simultaneously suppressing the signals from the background tissues to improve the conspicuity of the lesions. Although the commonly used WB-MRI technique, DWIBS, provides improved conspicuity of the lesions, it often suffers from poor SNR, low spatial resolution, and prolonged acquisition times. 9, 12, 33 Additionally, DWIBS images suffer from geometric distortions, particularly at 3T, challenging the anatomical localization of the identified lesions. In this work, we have developed a dual-echo T 2 W imaging technique for enhanced conspicuity of the tumors (DETECT), that generates fast, high-resolution, and high SNR images with simultaneous fat and fluid suppression, good tumor conspicuity and robustness of RF-refocused spin-echo acquisition in <7 min scan time for the whole-body imaging. Once the lesions are identified with the proposed DETECT technique, the lesions can be further characterized by dedicated functional MRI techniques such as diffusion, perfusion, hypoxia, etc. Because of the use of mDixon acquisition, the DETECT technique also generates perfectly co-registered fat- The multi-echo mDixon reconstruction combined with partial-echo acquisitions allowed high resolution T 2 W imaging with SShTSE in a truly single acquisition, without increasing the scan time compared to SShTSE acquisitions with and without fat suppression. Although the slight increase in echo spacing (2.2 ms) because of the acquisition of multi-echo mDixon increased T 2 blurring, it was not substantial compared to the standard clinical SShTSE images because of the use of small partial phase encoding factor (0.6), and parallel imaging (33) . However, the fat-water separation often failed at long TE using the standard mDixon reconstruction. Although several algorithms have been developed to improve the fat-water separation, it is still challenging in images with low SNR. 24, 34, 35 This is because the noise increases the uncertainty in solving the phasor ambiguity during the phase-map estimation, especially for dual-echo IP/ OP mDixon reconstruction. The proposed shared-field-map mDixon reconstruction used the B 0 map from the short TE to overcome this limitation and achieved uniform fat-water separation on the long TE images. Additionally, the shared field map between the two TEs also reduces the reconstruction times because the phase map estimation is often time consuming and needs to be estimated only once with sharedfield-map mDixon reconstruction. Nevertheless, occasional fat-water swaps were noticed on short TE images at the edges of the FOV along the right/left direction (52 cm FOV). However, these fat-water swaps were minor and restricted to the subcutaneous fat at the far edges of the FOV without affecting the detection of metastatic lesions in our study. Future optimization with improved fat-water separation methods 36 may potentially overcome these fat-water swaps. The complex signal modelled by our phase-preserved homodyne reconstruction and the shared-field-map mDixon reconstruction allowed complex subtraction between the 2 water-only images. This complex subtraction eliminated the "dark-rim" artifacts, observed in the magnitude-subtracted water-only images. Because the fluid-like tissues have longer T 2 s, the Gibbs ringing artifacts observed with Cartesian view ordering are larger in images acquired with partial phaseencoding and partial readout than those acquired with full kspace. This amplifies the side lobes in PSF on magnitude images, which are cancelled out by the complex subtraction and therefore eliminating the "dark-rim" artifacts. STIR is the most commonly used fat suppression method in WB-MRI because of its insensitivity to B 0 inhomogeneities. However, STIR pulse imparts a mix of T 1 and T 2 contrast and therefore, a T 2 W imaging sequence is typically included in the WB-MRI protocol. Compared to this, our DETECT imaging technique simultaneously provides standard T 2 W images with and without fat suppression in addition to the fat and fluid suppressed T 2 W images, all of them perfectly co-registered to each other, without increasing the total scan times as a consequence of the data for both TEs being acquired within the same excitation.
Whole-body DWIBS has been increasingly used for the detection of metastatic lesions, because the DWIBS images have increased lesion conspicuity. 12, 37 However, DWIBS images suffer from increased geometric distortions, combined with chemical shift artifacts and larger voxel size. Hence, the majority of DWIBS protocols are currently performed at 1.5T for whole-body imaging, necessitating longer scan times to compensate for the reduced SNR. 12, [38] [39] [40] Compared to DWIBS, our DETECT imaging technique provided images with superior SNR and higher spatial resolution in shorter scan times at 3T. Although the lesion-to-background conspicuity was not superior with DETECT compared to DWIBS, it generated images with fewer artifacts and minimal geometric distortions even in the presence of metal implants (Figure 7 ), making it more reliable. Because of the shorter acquisition times of <7 min for whole-body imaging, the DETECT imaging technique can also be performed in multiple orientations, if needed, to improve the lesion localization. Furthermore, DETECT imaging technique can be an appealing alternative technique for whole-body imaging, with the increasing availability of 3T scanners. Our study has several limitations. First, although not directly considered a limitation, the DETECT imaging technique is based on prolonged T 2 of the metastatic lesions, instead of the restricted diffusion that DWIBS relies on. Nevertheless, most lesions tend to have longer T 2 with restricted diffusion and appear bright on T 2 W images (Figures 6-8) . Some studies have shown better contrast with whole-body screening on lower b-value (50 s/mm 2 ) than higher b-value (500 s/mm 2 ), 11 where the contrast is primarily because of the longer T 2 than the restricted diffusion. Next, the subtraction for fluid attenuation can reduce the contrast between the normal tissues and lesions and may not be able to completely suppress the signals from complex fluids with moderate T 2 values. However, the availability of water-only images at short TE and the use of effective T 2 maps can offset these to improve the lesion conspicuity. Third, the DETECT acquisition of the thorax and abdomen required breath-holds. Although this is an advantage compared to DWIBS to generate sharper images, it may be challenging in patients to perform multiple sequential breath-holds. In such scenario, DETECT images of the thorax and abdomen can be acquired using respiratory triggering, albeit at slightly prolonged acquisition times. Fourth, the use of variable refocusing flip angles reduced the signal intensities in the arteries, but veins appeared bright on the short TE image. The subtraction between the 2 TEs also did not reduce the vein vessel signal (reduced by 5% only) because the T 2 of the venous blood is relatively short (70 ms) 41 and can obscure the lesion conspicuity. Future studies will consider implementation of motion-sensitized driven equilibrium to reduce the signal intensities in these blood vessels. 21 Finally, the DETECT imaging technique was initially tested in only 5 mRCC patients and needs further evaluation in larger patient cohorts in multiple diseases.
| C ONCL US I ON
In conclusion, we have developed a fast, high-resolution, and high SNR T 2 W imaging with simultaneous fat and fluid suppression, called DETECT, for whole-body MRI at 3T. Compared to the commonly used DWIBS for whole-body MRI, DETECT can be performed in significantly shorter scan times (17 min vs. 7 min) and generates images with good lesion conspicuity and without the image distortion associated with EPI. This sequence can serve as an initial imaging technique for whole-body cancer detection, followed by characterization of selected tumors by dedicated functional MR imaging.
fat-water separation at the short TE (TE 1 ), whereas it failed at long TE (TE 2 ) in multiple locations (red arrows), including right shoulder, hands, back, and hip. The sharedfield-map mDixon reconstruction corrected all these fatwater swaps and demonstrated the same degree of fatwater separation at the long TE as that at the short TE across the entire volume. Robust fat and fluid suppression across the entire volume was achieved in the subtracted images. VIDEO S2 Whole-body DWIBS and DETECT images acquired in coronal plane of the 34-year-old healthy male volunteer shown in Figure 5 . DWIBS at b 5 800 s/mm 2 exhibited geometric distortions, low resolution, and obvious artifacts, whereas the high resolution DETECT images demonstrated robust fat and fluid suppression with high SNR and without geometric distortions across the entire volume. VIDEO S3 Whole-body DWIBS and DETECT images of the 68-year-old male patient volunteer, shown in Figure 7 , with advanced renal cell carcinoma and a history of prophylactic rod placement and radiation treatment for a right femur metastatic lesion. DETECT images, including fat suppressed, fat-fluid suppressed, and effective T 2 -mapweighted images demonstrate metastatic disease involving the hilum, rib, pleura around the left lung (red arrows), a right retrocrural lymph node (brown arrows), the sacrum (white arrows), the right femur (yellow arrows), and the spleen (green arrows). Although some of those lesions were visualized on DWIBS images, some right femur lesions (yellow arrows) and the sacrum lesion (white arrows) are not visualized because of image distortion. Because of the high resolution, high SNR and no geometric distortion, DETECT images provided better localization and characterization of these lesions. A splenic infarct on both DWIBS and DETECT images (orange arrows) were also found. 
